Introduction
Nemaline myopathy (NM) is clinically and genetically heterogeneous with congenital and childhood-and adult-onset forms, with at least 2 genetic loci identified (1) . In its most dramatic form, NM is associated with severe striated muscle weakness at birth, more commonly referred to as a "floppy infant" phenotype. The etiology of NM and the mechanisms behind muscle weakness and nemaline rod formation are currently unknown. Although the hallmark NM rods, distributed within the sarcomere continuous with the Z-line, are composed of the Z-line component α-actinin (2) , this protein has been excluded to date as a candidate gene for NM. Recently, an M9R mutation was identified in tropomyosin (Tm) (3) , which is a key regulatory protein of the muscle thin filament as it relays signals from the Ca 2+ sensor, the troponin complex, to the actin-myosin interactions that produce force (4, 5) . There have to our knowledge been no prior studies addressing the biochemical, structural, or physiological effects of the NM mutation on αTm structure-function. Thus, how this specific point mutation in Tm may alter muscle function or results in specific aberrant sarcomeric structures such as nemaline rods is also unknown .
The mutated Met in TPM3 αTm associated with NM, as well as the entire NH 2 -terminus of αTm, is highly conserved in Tm proteins from vertebrates to Caenorhabditis elegans and likely plays an important role in the structure-function of Tm (Figure 1a ). The M9R mutation would also be predicted to disrupt the coiled-coil dimeric structure of Tm, as this substitution places a charged amino acid in the "a" position of the heptad repeat (Figure 1b ), a position that is hydrophobic in the coiled-coil consensus motif and is considered a forbidden site for charged amino acids (6) .
The development and implementation of a fully differentiated muscle model system to directly test the effects of normal and mutant Tm on contractile function have been a key obstacle in understanding αTm structure and function. For example, successful extraction and reconstitution protocols in permeabilized muscle fibers, which have been used to substitute normal and engineered mutant troponin C proteins (7) , are not available for Tm. We have recently developed a rat adult cardiac myocyte primary culture system in which the highly differentiated state of the adult striated muscle cell is retained for at least 7 days in primary culture (8, 9) . In addition, we have used adenoviral-mediated gene transfer into these fully differentiated muscle cells to replace the endogenous rat αTm with the human adult heart αTm isoform with a COOH-terminal FLAG epitope without any deleterious effects on Ca 2+ -activated isometric force production (10) . In the present study, we have used this system to express the NM mutation in αTm in fully differentiated muscle cells and, for the first time to our knowledge, tested the direct effects of this mutant αTm on muscle cell sarcomeric structure and contractile function. More specifically, we addressed the following questions: (a) Can αTm with the NM mutation be expressed in striated muscle cells and Nemaline myopathy (NM) is a rare autosomal dominant skeletal muscle myopathy characterized by severe muscle weakness and the subsequent appearance of nemaline rods within the muscle fibers. Recently, a missense mutation inTPM3, which encodes the slow skeletal α-tropomyosin (αTm), was linked to NM in a large kindred with an autosomal-dominant, childhood-onset form of the disease. We used adenoviral gene transfer to fully differentiated rat adult myocytes in vitro to determine the effects of NM mutant human αTm expression on striated muscle sarcomeric structure and contractile function. The mutant αTm was expressed and incorporated correctly into sarcomeres of adult muscle cells. The primary defect caused by expression of the mutant αTm was a decrease in the sensitivity of contraction to activating Ca 2+ , which could help explain the hypotonia seen in NM. Interestingly, NM mutant αTm expression did not directly result in nemaline rod formation, which suggests that rod formation is secondary to contractile dysfunction and that load-dependent processes are likely involved in nemaline rod formation in vivo.
incorporate into the muscle sarcomere? (b) Does NM mutant αTm expression directly alter αTm's regulation of striated muscle contractile function? (c) Does NM mutant αTm mutation directly result in alterations in striated muscle structure (i.e., lead to the formation of nemaline rods) in vitro, or is nemaline rod formation a secondary consequence of the disease?
Methods
Generation of recombinant adenovirus. Replication-deficient recombinant adenoviral vectors were generated by homologous recombination in HEK-293 cells. The analogous M9R mutant Tm was generated by Quickchange mutagenesis (Stratagene, La Jolla, California, USA) of Met 8 of the full-length human fast skeletal αTm cDNA (11) with a COOH-terminal FLAG epitope and was verified by DNA sequencing. The αTmFLAG cDNA's were subcloned into pCA4 shuttle vector and cotransfected with pJM17 into HEK-293 cells (8) . Recombinant adenoviral vectors were plaque purified and screened by restriction enzymes and Southern blot analysis. Plaque purified adenoviral vectors were grown to high titer (1 × 10 10 plaque-forming units [PFU] per milliliter) and purified by CsCl centrifugation.
Isolation of adult cardiac myocytes. The heart was removed from an anesthetized, female Sprague Dawley rat (200 g), and single ventricular cardiac myocytes were isolated by collagenase-hyaluronidase digestion as described previously (8, 9) . The myocytes were then infected with recombinant adenoviral vectors at approximately 300-500 moi (PFU/cell) diluted in DMEM, serum free with penicillin/streptomycin (P/S). The myocytes were maintained in DMEM, serum free, P/S throughout the time in culture. In a subset of experiments, myocytes were stimulated at 0.5 Hz in a custom electrical field stimulation chamber in Media 199 (Sigma Chemical Co., St. Louis, Missouri, USA) supplemented with 5 mM glutathione, 0.2 mg/mL BSA, and P/S. Analysis of protein expression. Total myofilament protein expression was analyzed by scraping myocytes off of 18mm 2 coverslips and into SDS-PAGE sample buffer followed by SDS-PAGE and Western blot analysis as described previously (8, 10) . To measure whether or not the expressed Tm was bound to the myofilaments, protein samples were prepared from myocytes on coverslips that were permeabilized in relaxing solution (see later here) with 0.1% Triton X-100 in relaxing solution (Pierce Chemical Co., Rockford, Illinois, USA) for 5-10 seconds and the myocytes were washed in several 1-minute washes of fresh relaxing solution before collection for Western blot analysis. This protocol is similar to that used for permeabilizing myocytes for isometric force recordings shown below and, therefore, is sufficient to disrupt the isolated cardiac myocyte membrane.
Indirect immunofluorescence, confocal microscopy, and electron microscopy. Indirect immunofluorescence was carried out as described previously (8) . The primary antibody for detection of αTmFLAG was M2 (Sigma Chemical Co.; 1:500). Myocytes were dual labeled with FITC phalloidin (Sigma Chemical Co.; 1µg/mL) for 20 minutes. Immunofluorescence was viewed with a Nikon Diaphot 200 microscope (Nikon Inc., Melville, New York, USA) outfitted with a NORAN confocal laser imaging system (NORAN Instruments, Middleton, Wisconsin, USA).Electron microscopy of cardiac myocytes was performed at day 5 after gene transfer with and without electrical stimulation as described previously (12) .
Single cardiac myocyte functional analysis. Relaxing and activating solutions (13) contained (in mmol/L): 7 EGTA, 1 free Mg 2+ , 4 MgATP, 14.5 creatine phosphate, 20 imidazole, and sufficient KCl to yield a total ionic strength of 180 mmol/L. Solution pH was adjusted to 7.0 with KOH. The pCa (i.e., -log [Ca 2+ ]) of the relaxing solution was set at 9.0, and the pCa of the maximal activating solution was 4.0. Intermediate pCa solutions were generated by mixing the pCa 9.0 and pCa 4.0 solutions. To characterize the direct relationship between steady-state force production and [Ca 2+ ], cardiac myocytes were permeabilized with 0.1% Triton X-100, a nonionic detergent, in relaxing solution for 5-10 seconds followed by several washes of relaxing solution. This allows direct access of the bathing solutions to the intact myofilaments of the cardiac myocyte and allows precise control of the intracellular ionic conditions including the [Ca 2+ ]. Single, rod-shaped, permeabilized cardiac myocytes were attached to micropipettes coated with an adhesive between a force transducer (Model 403A; Cambridge Technology Inc., Cambridge, Massachusetts, USA) and moving coil galvanometer (Model 6350; Cambridge Technology Inc.) mounted on 3-way positioners. Sarcomere length was set at 2.2 µm. At each pCa, steady-state isometric tension was allowed to develop, followed by rapid slackening to obtain the baseline tension. Total tension was measured as the difference in tension just before and after the slack step. Active tension was calculated by subtracting the resting tension (measured at pCa 9.0). Tension-pCa curves were fit using the Marquardt-Levenberg nonlinear least squares fitting algorithm and the Hill equation in the form: P = [Ca 2+ ] n / (K n + [Ca 2+ ] n ), where P is the fraction of maximum tension (P o ), K is the [Ca 2+ ] that yields one-half maximum tension, and n is the Hill coefficient (n H ). ANOVA with a Student Neuman-Keuls post hoc test were used to examine significant differences, with P < 0.05 indicating significance.
Results
We recently reported that expression and myofilament incorporation of the human αTm expressed in heart (TPM1) in isolated rat cardiac myocytes does not alter myocyte contractile function (10) . In addition, there is high amino acid sequence identity (>90% for the entire protein), especially at the NH 2 -terminus, between human αTm produced by the TPM1 gene and the diseased gene TPM3 (Figure 1a ). With these 2 points in mind, we have introduced into TPM1 human αTm, the analogous M9R mutation associated with NM ( Figure  1a ) to address the effects of the NM mutation on Tm and its role in striated muscle structure and function. A COOH-terminal-FLAG epitope was used to specifically distinguish the expressed Tm from the endogenous Tm. Adult rat cardiac myocytes were isolated, treated with adenoviral vectors, and maintained for 5-6 days in serum-free media (8, 9) . Figure 2a shows the expression of normal and NM mutant αTm in adult myocytes at 5-6 days after gene transfer and illustrates several important points. First, NM mutant αTm can be expressed to similar levels as normal αTm (∼40% of total Tm), and the levels correlate well with the turnover rate of the endogenous Tm isoform (∼5.5 days; ref. 14) (Table 1) . Second, permeabilization of the cardiac myocytes before sampling produced no significant change in the ratio of the expressed normal or NM mutant αTm to the total Tm (Table 1 ). If the expressed Tm was not incorporating into myofilaments, permeabilization of the cardiac myocyte membrane would be expected to remove and reduce or eliminate the newly expressed αTm proteins. Because there was no effect of permeabilization on the expressed αTm protein content based on the Western analysis (Table 1) , this indirectly indicates that the expressed NM mutant αTm can bind to the myofilaments in a similar manner as does the expressed normal αTm. Finally, the expression of normal and NM mutant αTm produced no significant changes in Tm stoichiometry (Table 1 ; calculated as the total Tm/actin in each lane) or the pattern of isoform expression of the endogenous Tm and the other thin filament regulatory proteins troponin T and troponin I (Figure 2a ). These results indicate the only regulatory protein alteration detected in the myocytes expressing ectopic Tm is the replacement of the endogenous Tm protein without nonspecific effects resulting from gene transfer or ectopic Tm protein expression on the differentiated state of the adult myocytes.
To assess more directly the incorporation of the expressed NM mutant αTm into sarcomeres of adult muscle cells, indirect immunofluorescence and confocal microscopy were used. Figure 2 , b and c, shows that the immunohistochemistry labeling profiles for the ex-pressed epitope tagged normal and NM mutant Tm in adult myocytes have the periodic staining characteristic of striated muscle. It should be noted that the resting sarcomere length in cultured adult cardiac myocytes is about 1.8-1.9 µm, which results in the overlap of thin filaments. Therefore, the pattern of immunofluorescence would not be expected to show clearly segregated I-bands. Most importantly, the pattern of immunofluorescence of NM mutant αTm does not differ from the normal αTm pattern and is similar to our previous re-sults with expression of epitope-tagged αTm in adult cardiac myocytes (10) . Because the epitope tag allows an exact and unique identification of the newly synthesized normal and mutant αTm proteins, the immunofluorescence confocal image analysis directly shows that the NM mutant αTm protein incorporates into the sarcomere similar to normal αTm. Dual labeling of cells with FITC phalloidin revealed no evidence of global changes in sarcomeric structure in cells expressing normal or mutant αTm (data not shown). Scoring of myocytes indicated that greater than 85% of all the rod-shaped cardiac myocytes were expressing normal or NM mutant αTm in each experimental group. Taken together, the immunolocalization results and the expression results suggest that NM mutant αTm can be expressed and incorporated normally into muscle sarcomeres.
Electron microscopy was used to assess the direct effect of NM mutant αTm expression on sarcomeric structure and to determine whether nemaline rod formation could be induced in vitro. Figure 3 , a-c, shows there were no detected effects of normal or NM mutant αTm expression on sarcomeric structure and no evidence of nemaline rod formation. Because these fully differentiated adult myocytes are quiescent when cultured in serum-free conditions, additional experiments were performed on myocytes electrically stimulated continuously at 0.5 Hz for 5 days in primary culture. Unloaded myocyte contraction did not cause any different effects of NM mutant αTm expression on sarcomeric structure or nemaline rod formation (Figure 3 , d-e). Therefore, NM mutant αTm expression and incorporation do not directly result in nemaline rod formation in striated adult muscle cells at least under these experimental conditions.
The effects of NM mutant Tm expression on the regulation of contraction was assessed by directly measuring isometric force production in single isolated adult myocytes. Importantly, Figure 4 shows that NM mutant Tm expression is associated with a marked decrease in the sensitivity of isometric force production to activating Ca 2+ . These results demonstrate for the first time to our knowledge that the primary defect in muscle expressing NM mutant Tm is altered regulation of force production. Interestingly, this primary defect in regulation of force production occurs in the absence of nemaline rod formation, raising the possibility that NM rod formation is a secondary phenomenon resulting from this defect. There were no detectable effects of normal or NM mutant αTm expression on the cooperativity of activation (Hill coefficient, n H ) or the maximal force production ( Table 2 ). In addition, there was no significant difference in the Ca 2+ sensitivity of isometric force production associated with normal αTm-FLAG expression, indicating that the epitope tag does not directly alter αTm regulatory function as shown previously (10) , and supporting our conclusion that altered contractile function is specifically due to the M9R mutation in αTm.
Discussion
The M9R αTm mutation associated with NM is inherited in an autosomal dominant fashion (1, 3) . Therefore, the possibility did exist that NM M9R Tm allele is a "null," meaning the protein is not expressed or not incorporated into sarcomeres, and the functional and structural alterations seen in NM patients are due to Tm haploinsufficiency. However, the results presented here directly demonstrate that NM mutant Tm can be expressed and incorporated normally into striated muscle sarcomeres (Figure 2) . These results showing expression and myofilament incorporation of NM mutant αTm suggest that NM does not result from Tm insufficiency, but rather indicate the NM mutant αTm exerts a dominant negative effect by directly altering Tm regulation of contractile structure/function.
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The The most striking result of the present study was that expression of αTm containing the NM mutation had direct effects on Ca 2+ -activated isometric force production that could help explain the hypotonia seen in NM. Although maximal force was unchanged, the effect of NM mutant Tm expression reduced the amount of force produced at submaximal activating Ca 2+ concentrations. It has been estimated that the peak [Ca 2+ ] i in a single twitch in amphibian and mammalian muscle fibers is approximately 5 µM (pCa 5.3), whereas maximal [Ca 2+ ] i during tetanus is approximately 10 µM (pCa 5.0) (15, 16) . However, molecular modeling of Ca 2+ transients and binding to Ca 2+ binding proteins suggest that, owing to the short duration of the Ca 2+ transient, the troponin complex is only approximately 70% saturated by Ca 2+ during a twitch (17) , and the troponin saturation decays before maximal twitch force is developed (18, 19) . Indeed, x-ray diffraction results from intact frog skeletal muscle at temperatures greater than 14°C indicate Tm movement and thin filament activation are not complete during a twitch contraction (20) . Together, these results suggest that skeletal muscle may operate at submaximal thin filament activation levels under physiological conditions. Therefore, we hypothesize that the observed decrease in myofilament sensitivity to activating Ca 2+ (Figure 4 ) would directly contribute to reduced force production and muscle weakness seen in NM .
Little is known about the role of specific amino acids in Tm involved in the Ca 2+ regulation of the thin filament. The effects of the M9R mutation on Tm regulatory function suggest that coiled-coil interactions between 2 Tm monomers near the NH 2 -terminus are critical for normal Tm regulatory function. Interestingly, the NH 2 -terminal 9 amino acids are critical for Tm binding to actin (21) and for head-tail interactions of Tm that polymerizes along the entire length of the thin filament (22) . The NH 2 -terminus of Tm also contains a binding site for the NH 2 -terminus of troponin T subunit of the troponin complex (23) , and therefore M9R may disrupt the signaling pathway from the Ca 2+ binding subunit troponin C, leading to alterations in myofilament Ca 2+ sensitivity. Although the present results do suggest that disrupting the coiled coil dimer near the NH 2 -terminus of Tm can directly alter the sensitivity of Ca 2+ -activated force production, further experiments are necessary to determine whether the NM mutation in Tm exerts its effects through altered interactions with actin, the troponin complex, or the actin-myosin interaction. It may then be possible to use appropriate Ca 2+ sensitizers (that exert their effect through these interactions) to reverse the effects of NM mutant Tm expression on the Ca 2+ sensitivity of isometric force production.
The direct desensitization of Ca 2+ activated force production caused by NM mutant αTm is different than the effect of expression of a mutant αTm associated with familial hypertrophic cardiomyopathy (FHC), which recently has been shown to produce hypersensitization of Ca 2+ -activated force production in cardiac muscle from transgenic mice (24) . The FHC mutation, D175N, resides near a region that is proposed to interact with the COOH-terminus of troponin T suggesting that interactions of Tm with differing regions of troponin T may produce different effects on myofilament Ca 2+ sensitivity. It is also possible that the FHC and NM mutations differentially affect the conformation of Tm such that the FHC mutation favors a conformation allowing myosin interactions with actin, and the NM mutation favors a conformation that blocks myosin interactions with actin, resulting in the changes in [Ca 2+ ] Table 2 Lack of effect of NM mutant Tm expression on Ca 2+ -activated maximal force generation (P 0 ) and myofilament cooperativity (n H ). AdαTmFLAG M9R treated myocytes were not statistically different than control or AdαTmFLAG-treated myocytes (P > 0.05).
P0 (kN/m 2 )
Hill coefficient (nH) Control 13.6 ± 2.4 1.50 ± 0.14 (n = 11) (n = 10) AdαTmFLAG 11.4 ± 2.1 1.80 ± 0.13 (n = 8) (n = 9) AdαTmFLAG M9R
15.9 ± 1.7 1.73 ± 0.09 (n = 23) (n = 23)
Figure 3
Electron micrographs of day 5 quiescent adult myocytes (a-c) or day required for activation of the thin filament. Interestingly, the FHC mutant Tm is expressed in cardiac and skeletal muscle but does not produce a noted skeletal muscle myopathy (25) . This supports our proposal here that the desensitization of Ca 2+ -activated force production is specific to NM associated with the mutation in αTm, and this functional alteration may underlie the NM mutant αTm-associated skeletal muscle myopathy. Interestingly, NM mutant αTm expression and incorporation caused contractile dysfunction in the absence of formation of nemaline rods in quiescent striated muscle cells or myocytes undergoing unloaded contractions (Figure 3 ). On the basis of these results, we propose that nemaline rod formation is a secondary event in the pathogenesis of NM. One possibility is that the mutant αTm functionally weakens sarcomeres in series, which could result in loaddependent sarcomere damage over time, inappropriate sarcomere remodeling, and progressive nemaline rod formation in vivo. This hypothesis is supported clinically, as many patients with NM show clinical phenotypes (e.g., hypotonia) before nemaline rods are visible, and rods are seen only when a subsequent, second muscle biopsy is analyzed (1) . In addition, other unrelated conditions, such as HIV infection and hemodialysis in the absence of mutant sarcomeric protein expression, have been shown to induce nemaline rods in muscle fibers (26, 27) . Further, nemaline rods are also seen in combination with other types of skeletal muscle myopathies such as central core disease and mitochondrial myopathies (1) . Taken together, these studies suggest that nemaline rod formation may be a shared secondary effect of multiple different pathologies or alterations in muscle function, use, or disuse. We believe that adult cardiac myocytes are an adequate model system to test the effects of NM mutant Tm on striated muscle sarcomere structure because some patients with NM do present a cardiomyopathy as well, with nemaline rods forming in both skeletal and cardiac muscle cells (28) . This suggests that although NM is predominantly a skeletal muscle disorder, because the genes identified so far with mutations associated with NM (TPM3, ref. 3; and nebulin, ref. 29) are not expressed in cardiac muscle, nemaline rod formation can and does occur in cardiac muscle cells. Therefore, we hypothesize that nemaline rods are not directly produced by NM mutant Tm expression but are a secondary, load-dependent phenomenon associated with functional alterations caused by NM mutant Tm. We cannot rule out that when nemaline rods do form, they contribute additional alterations of muscle contractile function. It is also possible that NM mutant Tm directly plays a role in the formation of nemaline rods through interactions with other myofilament proteins, such as α-actinin, but requires remodeling of the sarcomere in the presence of NM mutant αTm over periods longer than the 6-day culture period of the present experimental system.
Our study, which addresses the direct effects of NM mutant Tm on striated muscle structure-function, may also contribute to understanding the pathogenesis of mutations in many of the contractile proteins of the striated muscle sarcomere linked to several clinically important cardiac and skeletal myopathies. These
